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A B S T R A C T
Comfortable walking speed (CWS) is indicative of clinically relevant factors in the elderly, such as fall risk
and mortality. Standard CWS tests involve walking on a straight, unobstructed surface, while in reality
surfaces are uneven and cluttered and so walkers rely on visually guided adaptations to avoid trips or
slips. Hence, the predictive value of CWS may be expected to increase when assessed for walking in more
realistic (visually guided) conditions. We examined CWS in young (n = 18) and older (n = 18) adults for
both overground and treadmill walking. Overground CWS was assessed using the 10-meter walk test
with and without visual stepping targets. For treadmill walking, four conditions were examined: (i)
uncued walking, and (ii–iv) cued walking with visual stepping targets where the inter-stepping target
distance varied by 0%, 20%, or 40%. Pre-experimental measures were taken so that the average inter-
stepping target distance could be adjusted for each belt speed based on each participant’s self-selected
gait characteristics. Results showed that CWS was signiﬁcantly slower when stepping targets were
present in both overground (p < .001) and treadmill walking (p < .001). Thus, attuning steps to visual
targets signiﬁcantly affected CWS, even when the patterning of these targets matched the participant’s
own gait pattern (viz. 0%-treadmill-walking condition). Results from the treadmill-walking task showed
that the amount of variation in inter-stepping target distance did not differentially affect CWS. Our
results suggest that it may be worthwhile in clinical assessments to not only determine walking speed
using standard conditions but also in situations that require visually guided stepping.
 2015 Elsevier B.V. All rights reserved.
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Comfortable walking speed (CWS) is indicative of clinically
relevant factors in the elderly such as fall risk, institutionalization,
and mortality [1–3]. This measure is easy to assess at low cost, and as
a single predictor of fall risk its reliability is similar to that of larger
test batteries of mobility [1,4]. Whereas slow CWS (<0.6 m/s)
appears to be indicative of an elevated fall risk, recent research
revealed that fall risk was also increased for fast elderly walkers
(1.3 m/s) [5]. While the former group was found to fall primarily
indoors, the latter group fell predominantly while outside,
presumably because they encountered more outdoor hazards due
to higher activity levels [5]. This result nicely illustrates that walking
is a context-dependent activity, with falls often resulting from trips,
slips, or misplaced steps invoked by environmental conditions [6].* Corresponding author. Tel.: +31 20 5988539.
E-mail address: l.peper@vu.nl (C. (Lieke) E. Peper).
http://dx.doi.org/10.1016/j.gaitpost.2015.02.016
0966-6362/ 2015 Elsevier B.V. All rights reserved.In standard tests of mobility, CWS is assessed while walking on
a plain, uncluttered surface [7]. However, these test conditions are
not representative of environments encountered in community
ambulation where secure foot placement typically requires
visually guided adaptations to avoid obstacles or to place the foot
in a safe location. Hence, in order to predict fall risk, the assessment
of CWS under standard conditions may not yield the most
informative results, in particular with individuals for whom
visually guided step adaptations are compromised.
It has been shown that, when using visual information to attune
one’s steps to targets located on the ground, both the energy
expenditure [8] and attentional demands [9] of walking were
affected even when the global gait characteristics (walking speed,
mean step length and width) were identical to those observed when
the same participant walked without stepping targets. Presumably,
the active control of accurate foot placement involves control
strategies that are metabolically less efﬁcient (e.g., more co-
contraction and an ankle strategy for balance control [8]). The
elevated attentional demands may be (partly) associated with these
Fig. 1. Schematic of the location of the stepping targets presented on the 10-meter
walkway.
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related to visual attention processes themselves [9,10].
A recent review [11] demonstrated that the quality of CWS as a
predictor of fall risk does not improve when assessed under dual-
task conditions. Although this may suggest that attentional
demands are not a relevant factor in this context, it should be
noted that in the dual-task paradigms examined in that review the
secondary tasks (e.g., counting backwards) were not associated
with gait control. In contrast, the increased attentional costs
associated with visually guided walking are directly related to the
act of walking itself [9] (rather than to an arbitrary secondary task),
which conceivably may affect CWS in a way that is inherently
associated with gait control. Indeed, it is well established that
cognitive functions (in particular executive function) are associat-
ed with gait speed [12,13] and fall risk [14,15].
Given the augmented metabolic and attentional demands,
visually guided stepping may be expected to result in slower CWS
than that obtained under standard test-conditions. To test this
hypothesis, we examined CWS with and without visual targets for
foot placement. This was done for both overground and treadmill
walking. The treadmill-walking conditions allowed us to create an
individualized set of trials for each participant with comparable
average gait characteristics per speed and condition. Speciﬁcally,
we compared CWS for uncued treadmill walking to the CWS
observed in three conditions in which visual stepping targets were
present. To this end, we imposed individualized sequences of
stepping targets with speed-dependent inter-stepping target
distances1 (as estimated for a range of walking speeds in pre-
experimental measurements). Three levels of variability in inter-
stepping target distance were imposed to examine the inﬂuence of
pattern regularity on CWS. To determine the effect of age, both
young and older adults were included.
2. Methods
2.1. Participants
Eighteen younger (10 females; age (mean  standard error):
24.5  0.4 years; height: 1.76  0.03 m) and 18 community-dwelling
older adults (6 females; aged: 65.3  1.2 years; height:
1.80  0.02 m) were recruited at VU University Amsterdam and a
local sports center, respectively, and via the researchers’ social
networks. Participants were excluded if they reported physical
conditions that limited their walking ability, like cardiovascular,
cardiopulmonary, orthopedic, uncorrected visual or auditory impair-
ments, or if they used walking aids on a daily basis. All participants
provided written informed consent prior to participation. The study
was approved by the departmental ethics committee.
2.2. Experimental setup
For overground walking, the 10-meter walk test (10MWT) was
conducted on a plain ﬂoor, with start and ﬁnish lines indicating the 10-
meter distance. An additional, modiﬁed version of the test (m-10MWT)
involved three rectangular stepping targets (50  15 cm) that were
ﬁrmly attached to and level with the ﬂoor. They were positioned at
irregular distances (to invoke step adaptations in all participants; Fig. 1)
and were wide enough (50 cm) to be stepped on by either foot without
inﬂuencing step width. The limited number of stepping targets allowed1 A self-paced treadmill would perhaps have allowed for assessment of CWS in a
more natural context than a ﬁxed-speed treadmill [16]. However, on self-paced
treadmills it is not possible to adapt visual stepping target patterns to the actual
walking speed in a non-trivial, individualized manner. Hence, this type of treadmill
was not suitable to examine the effects of visual context on CWS in the present
experiment.for a spatial conﬁguration that was comfortable for all participants,
irrespective of their preferred step length.
Treadmill walking was examined on an instrumented treadmill
augmented with visual context (C-Mill, Motekforce Link, Amster-
dam/Culemborg, the Netherlands), with software for the reliable
online detection of gait events and characteristics [17]. In addition,
the software allowed for the precise control of visual stepping
targets. These targets (sized: shoe length  shoe width) were
projected onto the treadmill belt (Fig. 2) and approached the
participant at belt speed. Multiple upcoming stepping targets were
visible, as the C-Mill is longer (3 m) than a regular treadmill (up to
1.5 m). The average distance between these stepping targets was
based on the individual’s self-selected gait pattern. Three
conditions were created which differed in the amount of spatial
variability in the stepping targets pattern. In condition 0%, the
stepping targets were presented with inter-stepping target
distances that corresponded to the individual’s average self-
selected step length (estimated for each walking speed; see
Procedure) and step width (determined at the end of treadmill
familiarization). In the other two conditions, the inter-stepping
target distance varied randomly by up to either 20% or 40% around
the individual’s average self-selected step lengths and step widths.
2.3. Procedure
2.3.1. Overground walking
Participants started (from standstill) after the command: ‘‘3, 2,
1, start’’ [18] and walked at a self-selected CWS until they wereFig. 2. Upper panel: The C-Mill, an instrumented treadmill augmented with
adjustable visual stepping targets. Lower panel: Illustration of the four treadmill-
walking conditions. B represents the baseline condition (without stepping targets)
while 0%, 20%, and 40% indicate the degree of variability in inter-stepping target
distance for the cued-treadmill-walking conditions. Note that these photos show
only part of the treadmill belt.
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instruction to step accurately on each of the three stepping targets
without any constraint on the foot to be used. The tests were
performed in both directions of the walkway, yielding two
different stepping patterns for the m-10MWT. The order of the
two tests (10MWT and m-10MWT) was counterbalanced across
participants. The ﬁrst two trials (one in each direction) for each
condition served as practice. Next, three experimental trials were
conducted (starting direction counterbalanced over participants).
The time needed to cover the 10-meter distance was determined
using a stopwatch, from which CWS (in m/s) was deduced.
2.3.2. Treadmill walking, preparation
A minimum of 10 min was allowed for treadmill familiarization.
Participants ﬁrst walked at a range of velocities (up to 1.6 km/h [ca.
0.44 m/s] above the individual’s overground CWS [o-CWS, i.e., mean
CWS as obtained for the 10MWT]; for two participants this upper
limit was restricted to 1 km/h [ca. 0.28 m/s] above o-CWS [6.8 and
6.9 km/h, ca. 1.89 and 1.92 m/s] for safety reasons) without the
stepping targets being presented. Subsequently, the stepping-target
conditions were practiced at 1 km/h (ca. 0.28 m/s) below o-CWS.
Participants could use the handrails until they felt comfortable.
Next, a pre-experimental trial was conducted to be able to attune
inter-stepping target distances to each individual’s step length for
speeds ranging from 2 km/h (ca. 0.56 m/s) below to 1.6 km/h (ca.
0.44 m/s) above o-CWS (in 0.3 km/h [ca. 0.08 m/s] steps; for two
participants adjusted upper limits were applied as indicated above).
At each speed, the experimenter used a stopwatch to determine the
time needed to complete 20 steps, after which the belt speed was
increased. The mean step time (i.e., the time needed to complete
20 steps divided by 20; in s) per belt speed was interpolated linearly
over the range of assessed walking speeds in steps of 0.1 km/h
(corresponding to ca. 0.03 m/s; R2 ranging from .86 to .98; Fig. 3).
Based on this linear relationship between walking speed and step
time, the average speed-dependent anterior-posterior inter-step-
ping target distance was individualized for the experimental
treadmill trials that required stepping targets (i.e., inter-stepping
target distance = belt speed  step time).
2.3.3. Treadmill walking, experimental trials
Baseline treadmill CWS was determined in the absence of
stepping targets. Participants started walking on the treadmill at a
relatively slow speed (1.5 km/h [ca. 0.42 m/s] below o-CWS) before
it was increased manually ﬁve times by 0.2 km/h (ca. 0.06 m/s),
and the necessary additional levels of 0.1 km/h (ca. 0.03 m/s; for
minimally 30 s), until the participant indicated that the speed was
comfortable, yielding the ﬁrst estimate of CWS (CWS1). Next, CWS
was approached in the opposite direction, starting at a relativelyFig. 3. Results of the pre-experimental trial and associated linear regression, as
obtained for a typical young participant.high walking speed (1 km/h [ca. 0.28 m/s] above CWS1) and then
decreased according to the same procedure until the speed was
judged as comfortable again. The average of CWS1 and CWS2
represented the individual’s CWS. In addition, the three conditions
with projected stepping targets were examined using the same
procedure but under the instruction to accurately step on the
projected stepping targets. The four conditions (baseline, 0%, 20%
and 40%) were presented in a randomized order.
2.4. Statistical analysis
2.4.1. Overground walking
Average CWS values (in m/s) of the three trials per condition
were submitted to a repeated-measures ANOVA (IBM SPSS
Statistics 21) with between-subjects factor Age (younger, older)
and within-subjects factor Condition (10MWT, m-10MWT).
2.4.2. Treadmill walking
CWS (in m/s) was examined using a repeated-measures ANOVA
with between-subjects factor Age (younger, older) and within-
subjects factor Condition (baseline, 0%, 20% and 40%). One older
participant, who consistently walked more than 1.5 times the
interquartile range (IQR) slower than the lower IQR bound, was
excluded from analysis. Because the assumption of sphericity was
violated, a Huynh-Feldt correction was applied to the degrees of
freedom for the main effect of Condition. Results are presented as
mean  standard error.
3. Results
3.1. Overground walking
CWS was signiﬁcantly slower for the m-10MTW (1.34  0.03 m/
s) than it was for the 10MWT (1.41  0.03 m/s), F(1,34) = 39.27,
p < .001, h2p ¼ :54.
3.2. Treadmill walking
CWS was signiﬁcantly faster for older adults (1.37  0.04 m/s)
than for younger adults (1.25  0.04 m/s), F(1, 33) = 4.98, p < .05,
h2p ¼ :13. Post hoc analyses (paired t-tests) for the main effect of
Condition, F(2.9, 95.9) = 13.32, p < .001, h2p ¼ :29, revealed that CWS
was slower for trials with stepping targets (0%: 1.30  0.03; 20%:Fig. 4. CWS for each treadmill-walking condition, presented per age group. In the
baseline condition no stepping targets were presented, while 0%, 20%, and 40%
indicate the degree of variability in inter-stepping target distance for the cued-
treadmill-walking conditions. Error bars represent standard errors.
C.L.E. Peper et al. / Gait & Posture 41 (2015) 830–834 8331.29  0.03; 40%: 1.29  0.03 m/s) than for the baseline trial without
stepping targets (1.36  0.03 m/s; Fig. 4).
4. Discussion
CWS has been demonstrated to be a robust predictor of
clinically relevant factors in the elderly including the risk of falls
[1–5]. Nevertheless, it is conceivable that its predictive value could
be further enhanced if visually based step adaptations are taken
into account in its assessment. After all, visuo-locomotor control is
essential in everyday life to adjust our steps to environmental
hazards and this may suggest that elderly people with reduced
abilities in this regard have an elevated risk of falling. The current
experiment was designed to obtain an indication of the effects of
visually guided stepping on CWS in young and older participants.
The results clearly indicated that CWS decreased when the
steps had to be aimed at visual stepping targets, for both
overground and treadmill walking. The treadmill-walking task
revealed two important additional results. First, CWS was reduced
in the 0% condition in which, for each walking speed, the imposed
inter-stepping target distances corresponded to the participant’s
speed-dependent step length preferences. Because this condition
did not require an adaptation of the average gait pattern (relative
to baseline), this result underscored that the change in CWS was
due to the requirements of visually guided stepping per se. This
interpretation was further corroborated by the second observation
that the three cued conditions did not result in signiﬁcant
differences in CWS. This revealed that CWS was predominantly
affected by the requirement of visually guided stepping, and not by
the applied regular or irregular patterning of the imposed steps.
As indicated in the Introduction, previous studies demonstrated
that attuning one’s steps to visual information about the location of
target foot placement affects both the energy expenditure [8] and
attentional costs [9] of walking. Hence, the observed decrease in
CWS may reﬂect adaptations to alleviate those increased energetic
and attentional demands, although our current data set does not
allow us to examine the degree to which this was the case.
In visually guided walking, the combination of visual attention
and coordinated stepping may be regarded as a form of dual tasking.
However, in this situation the elevated attentional demands are
directly related to the act of walking itself [9], rather than to an
arbitrary secondary task. To determine how visual attention is
associated with stepping performance and CWS, on-line gaze
characteristics should be monitored using a gaze tracker. Differences
between young and older adults have been reported in this respect.
During both obstacle avoidance and stepping onto targets, young
adults typically look a number of steps ahead (negotiating the
obstacle or target with peripheral vision), whereas older adults
(especially those with higher fall risk) tend to ﬁxate on the obstacle
or target when it is closer by [19,20]. However, if the foot had to be
positioned on a target very accurately, young adults were found to
direct their eyes towards the target until after heel strike, whereas
older adults (especially those with elevated fall risk) diverted their
gaze from the target before the foot touched the ground
[21,22]. Interestingly, explicit visual training aimed at restoring
the gaze characteristics observed in young adults improved
precision stepping performance in an older population [23]. This
suggests that, at least for precision stepping, maladaptive visuo-
locomotor coordination may result in decreased stepping perfor-
mance in older adults. Whether this is associated with elevated
attentional demands remains an interesting empirical question.
As we did not include gaze tracking in our experiment, we
cannot determine whether in the current situation (involving a
visual target for every step) visuo-locomotor coupling differed
between the two age groups. However, it seems likely that the gaze
behavior was affected by the presence of stepping targets,suggesting that the reduction in CWS may have been associated
with a change in visuo-locomotor control. On the other hand, it is
also possible that CWS decreased merely to ‘buy time’ in this more
demanding situation.
The current results revealed that, as expected, CWS was affected
by the presence of visual stepping targets. This observation in itself
does not indicate that CWS assessment in conditions that require
visually guided stepping will yield an improved prediction of fall
risk. However, although we did not obtain an interaction effect
between age and condition, it is conceivable that particularly older
adults with elevated fall risk are more strongly affected by increased
visually guided stepping demands, especially because these
demands are inherently related to crucial aspects of gait control
in challenging environments. Hence, it seems worthwhile to
examine whether the inclusion of visually guided stepping in
CWS assessments may yield an enhanced fall-risk predictor. Our
results indicate that an adapted version of the 10MWT may sufﬁce in
this regard, as the decrease in CWS was clearly present in this simple
test of overground walking (m-10MWT). This would still render the
assessment of CWS easy and inexpensive to administer.
In this context, however, it is useful to consider an unantici-
pated result of the present experiment. On the treadmill the older
participants walked, on average, signiﬁcantly faster than the young
participants, and during overground walking their CWS was even
in the range observed for fast-walking elderly people with an
elevated risk of falling [5]. Recently, Lindemann et al. [24] observed
that when steps needed to be attuned to visual stepping targets,
older participants walked faster than young participants, whereas
their stepping accuracy was lower. The authors suggested that the
older adults may have tried to camouﬂage their poorer stepping
performance by walking at a higher speed. In Lindemann et al.’s
study the difference in walking speed between the two age groups
was evident only when stepping targets were presented, whereas
the current data showed higher CWS values for older participants
in all treadmill conditions (i.e., also when no stepping targets were
introduced). Perhaps our older participants simply wanted to show
that they were quite able to walk at relatively high speeds,
regardless of the degree to which they were able to step accurately
on the targets. Unfortunately, the data collection method in the
current experiment did not allow us to determine stepping
accuracy, though in a recent experiment we observed lower
stepping accuracy for older participants during visually cued
treadmill walking (involving conditions with regular and irregular
inter-stepping target distances) when compared to young
participants [10]. Hence, instead of focusing on CWS alone, it
may be important to also take stepping performance into account,
reﬂecting the quality of gait adaptability [9,24–26]. From this
perspective, the use of an instrumented walkway [24] or
an instrumented treadmill augmented with visual context
[8–10,25,26] may provide valuable additional information.
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